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The human phenylalanine hydroxylase gene
PAH) (locus on human chromosome 12q24.1) con-
ains the expressed nucleotide sequence which en-
odes the hepatic enzyme phenylalanine hydroxy-
ase (PheOH). The PheOH enzyme hydroxylates the
ssential amino acid L-phenylalanine resulting in
nother amino acid, tyrosine. This is the major
athway for catabolizing dietary L-phenylalanine
nd accounts for approximately 75% of the disposal
f this amino acid. The autosomal recessive disease
henylketonuria (PKU) is the result of a deficiency
f PheOH enzymatic activity due to mutations in
he PAH gene. Of the mutant alleles that cause hy-
erphenylalaninemia or PKU 99% map to the PAH
ene. The remaining 1% maps to several genes that
ncode enzymes involved in the biosynthesis or re-
eneration of the cofactor ((6R)-L-erythro-5,6,7,8-
etrahydrobiopterin) regenerating the cofactor (tet-
ahydrobiopterin) necessary for the hydroxylation
eaction. The recently solved crystal structures of
uman phenylalanine hydroxylase provide a struc-
ural scaffold for explaining the effects of some of
he mutations in the PAH gene and suggest future
iochemical studies that may increase our under-
tanding of the PKU mutations. © 1999 Academic Press

Key Words: phenylalanine hydroxylase; hyperphe-
ylalaninemia; phenylketonuria; structure-func-
ion relationship.

Phenylalanine hydroxylase (PheOH,2 phenylala-
ine 4-monooxygenase, EC 1.14.16.1) is an iron-con-

1 To whom correspondence should be addressed. Fax: (858)

84-9483. E-mail: stevens@scripps.edu.

2 Abbreviations used: PKU; phenylketonuria, PheOH; phenyl-
lanine hydroxylase, HPA; hyperphenylalaninemia; PAH: phe-
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aining enzyme that catalyzes the conversion of the
ssential amino acid L-phenylalanine (L-Phe) into
-tyrosine, utilizing the cofactor 6(R)-L-erythro-tet-
ahydrobiopterin (BH4) and dixoygen (for reviews,
ee (1–3)). This catabolic pathway accounts for ap-
roximately 75% or more of the disposal of dietary
henylalanine (4).
Mutations in the human gene encoding the PheOH

nzyme (PAH; GenBank cDNA Reference Sequence
49897) result in the autosomal recessively inherited
isease hyperphenylalaninemia (HPA). The resulting
linical phenotypes can range in severity from mild
orms of non-PKU HPA, with benign outcome, to the
evere form, phenylketonuria (PKU3; OMIM Entry
61600). Impaired function of PheOH results in the
ccumulation of high levels of blood plasma L-Phe and
ental impairment if not treated with diet at an early

ge. Most of the mutant alleles map to the PAH gene,
ut approximately 1% map to several genes for en-
ymes involved in the biosynthesis or regeneration of
ofactor (BH4) (5). Due to an extensive and widely
pplied population screening worldwide for neonatal
PA, more than 380 mutations have been identified

including missense, nonsense, deletion, insertion,
olymorphisms, and splice mutations) in the PAH
ene (PAH Mutation Analysis Consortium database

ylalanine hydroxylase-encoding gene, BH4; 6(R)-L-erythro-tetra-
ydrobiopterin (natural cofactor), 6-MPH4; 6-methyltetrahy-
ropterin, TnT; T7-coupled transcription-translation expression
ystem.
3 The PKU database is accessible at the PAH Mutation Analy-
is Consortium database and web site, located at http://www.
cgill.ca/pahdb (6–8).

1096-7192/99 $30.00
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purple, the catalytic domain in gold, and the tetramerization
domain in green. The iron is shown as a red sphere. (B, C) Two
perpendicular views of the full-length PheOH model structure,
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1 AND
nd web site at http://www.mcgill.ca/pahdb, Refs.
–8). Work on in vitro expression analysis of inherited
uman mutations is being carried out in order to link
he genotype to the phenotype (4). This work can con-
rm that individual mutations impair PheOH enzyme
ctivity and to a certain degree predict the severity of
he corresponding metabolic phenotype. In this con-
ext, the recently solved structures of several trun-
ated forms of PheOH (9–11) as well as the recent
tructure of the homologous enzyme tyrosine hydrox-
lase (TyrOH, tyrosine 3-monooxygenase, EC
.14.16.2) with bound cofactor analogue (7,8-dihydro-
iopterin) (12) will prove to be invaluable in the iden-
ification of amino acid residues involved in catalysis
nd regulation of enzymatic activity, as well as mak-
ng it possible to give a complete analysis of the cur-
ent (Spring 1998, PKU Newsletter) mutations in the
AH gene. Thus, in this review, a structural interpre-
ation of the known mutations will be compared with
he known data on in vitro expression analyses, PKU
henotypes, and both predicted and observed fre-
uency of mutation in the PAH gene in order to have a
ore complete picture of the disease-causing PKU mu-

ations.

tructure of Human Phenylalanine Hydroxylase

Recombinant human liver phenylalanine hydroxy-
ase is reported to exist in solution as a pH-dependent
quilibrium between homotetramers and homodimers
13). The molecular mass of one subunit is approxi-
ately 50 kDa (between 50 and 53 kDa). It has an

bsolute requirement for ferrous iron to be active and
tilizes the cofactors BH4 and O2 to perform the hy-
roxylation reaction. PheOH, like the two other
romatic amino acid hydroxylases (TyrOH and trypto-
han hydroxylase (TrpOH, tryptophan 5-monooxygen-
se, EC 1.14.16.4)), consists of three domains: the reg-
latory domain (residues 1–142), the catalytic domain
residues 143–410), and a short tetramerization do-
ain (residues 411–452). The regulatory domain has
common a-b sandwich motif commonly observed for

ther regulatory domains, consisting of a four-
tranded antiparallel b-sheet flanked on one side by
wo short a-helices and on the other side by the cata-
ytic domain (11). The active-site iron resides in an
pen and solvent accessible region in the catalytic do-
ain, the bottom of a novel basket-like arrangement of

4 a-helices and 8 b-strands. The short tetrameriza-

STEVENS
FIG. 1. (A) Structure of human phenylalanine hydroxylase
ull-length composite model. The model was generated using the
tructures of catalytic/tetramerization domains (9,10) and regu-
atory/catalytic domains (11) and superimposing the catalytic
omains of the two models. The regulatory domain is shown in

04 ERLANDSEN
olored from red (N-terminus in monomer A) to blue (C-terminus
n monomer D). The iron is shown as a gray sphere in all four

onomers.
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P her wi
ion domain consists of two antiparallel b-strands and
single 40 Å long C-terminal a-helix that is responsi-

le for forming the domain-swapped coiled-coil core of
he PheOH tetramer. Based on the crystal structures
f several truncated forms of PheOH, including the
egulatory/catalytic domains (11) and catalytic/tet-
amerization domains (9,10), a full-length model can
e constructed by superimposing the respective cata-
ytic domains (Fig. 1). The details of the secondary
tructure of the full-length model are shown in Fig. 2.

The active-site catalytic iron is ligated in an octahe-
ral manner by two histidine residues (His285 and
is290), one glutamic acid residue (Glu330), and three
ater molecules (Fig. 2). There also is a narrow tunnel

onnected to the active-site pocket, and this may be
here the substrate is directed into the active site. A

hort loop made up of residues 378 to 381 forms one
all of the tunnel that runs out into the active-site
ocket. This loop shows high mobility in the high-
esolution structure of dimeric PheOH (9) and could be

FIG. 2. Close-up of the active site surrounding the catalytic i
iganded to the iron are shown as blue spheres. Some residues
he331) and are located close to the iron in the active site, toget

THE STRUCTU
nvolved in restricting accessibility of substrates into
he active site. The majority of the 34 amino acids
ining the active site “bowl” are hydrophobic residues

e
t
b

xcept for three charged glutamic acids, two putatively
harged histidines, and an uncharged tyrosine.

KU Mutations

Currently, most of the mutations that cause HPA or
KU have been characterized only at the DNA level.
ecent genotype-phenotype correlation studies have
evealed that the human PheOH genotype does not
ufficiently explain the mutant phenotype in all cases,
mplying that other factors are involved in the emer-
ent property of plasma homostasis (8). Some evidence
oward understanding the molecular mechanisms
eading to the phenotypic heterogeneity have been
chieved through in vitro expression of recombinant
orms of human PheOH (14). This method has proved
o be important when it comes to characterization of
he different mutations’ individual catalytic, regula-
ory, and stability properties, mainly due to the very
imited availability of endogeneous (wild-type, human
iver) enzyme. These expression analyses, some in sev-

he iron is shown as a red sphere and the three water molecules
ve reported PKU mutations (Thr278, Glu280, Pro281, Trp326,

th their interacting residues, are also shown.

105ASIS OF PKU
RAL B
ral in vitro expression systems, have revealed at least
hree groups of mutations that differ in their kinetic
ehavior and/or stability in vivo: (i) mutations affect-
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TABLE 1
Single-Point Mutations Identified in the PAH Gene (not Including Silent

and Missense Mutations)
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ng both kinetic and stability properties of the enzyme;
ii) structurally stable mutations with altered kinetic
roperties; and (iii) mutations with normal kinetics,
ut reduced stability in vitro and in vivo (14). Future
ontinuation of these expression analyses, in parallel
o the known three-dimensional structure of PheOH,
s important for a detailed characterization of the cat-
lytic and regulatory properties of the disease-causing
utants in the PAH gene.

ingle-Point Mutations

There are currently 234 missense point mutations

TABLE

Note. E; exon, I; intron; X, nonsense mutation, inse
kidney cells; NS, not stated; RD, regulatory domain;
eukaryotic cells (COS cells); Non-PKU HPA definiti
Classical PKU, blood plasma L-phe levels above 1000
classical PKU nor non-PKU HPA; TC, reference not p
Hydroxylase Mutation Analysis Consortium Databas

% Predicted frequency of mutation (FOM) based on
& Calculated frequency of mutation (FOM) based o

496 patients currently phenotyped. Data taken from P
Database (1998) information on PKU genotype versu

Calculated FOM: a 5 {No. of times a mutation occu
100%.

Calculated FOM (normalized to predicted FOM) 5 a
aaver 5 averaged calculated FOM for residues that

12 ERLANDSEN
nown for the PAH gene (PAH Mutation Analysis
onsortium Newsletter, Spring 1998), in addition to
2 nonsense mutations and 11 silent mutations.

h
e

ost of the single-point mutations map onto the
egion consisting of exon 5 (residue 148) to exon 12
residue 438). Forty-nine of the total number of mu-
ations are located in the regulatory domain (resi-
ues 1–142), 209 mutations are located in the cata-
ytic domain (residues 143–410), and 10 are located
o the tetramerization domain (residues 411–452). A
ummary of the known genotype/phenotype infor-
ation about these mutations is shown in Table 1

illustrated in Fig. 3), together with a structural
nterpretation of the predicted effect of the selected

issense mutations on the enzyme function.

ntinued

mature stop codon; ND, not detectable; Hkc, human
atalytic domain; TD, tetramerization domain; Euk.,
od plasma L-phe levels between 120 and 1000 mM;
Variant PKU, blood plasma L-phe levels fits neither
ed in any journals. Submitted to the Phenylalanine
8).
rogram MUTPRED (15)—weighted data.
l amount of known mutation and their frequency in
alanine Hydroxylase Mutation Analysis Consortium
otype.
ne allele/No. patients for which data exist (5 495)} z

redicted FOM (weighted))/¥ (aaver (for each residue)}.
ore than one mutations known.
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In an attempt to relate the variable prevalence of
uman genetic disease (PKU) to the mutability inher-
nt in the nucleotide sequence of the PAH gene, a
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RAL B
utability profile of the PAH cDNA sequence was
erformed using the program MUTPRED (15). The
esults are presented in Table 1 for the residues in
heOH that are found to result in single-point muta-
ions in the PKU database. The silent mutations
G10G, S137S, C203C, Q232Q, V245V, Q304Q, T323T,
385L, K398K, V399V and Y414Y) are not shown in
he table since these do not introduce changes in the
rotein structure. The nonsense mutations (Q20X,
77X, R111X, W120X, Y166X, Q172X, R176X,
187X, Y204X, Y206X, Y216X, Q232X, R243X,
261X, G272X, S295X, W326X, Q336X, K341X,
355X, Y356X, S359X) are not shown in the table

ince these mutations lead to a premature step in
ranslation. The MUTPRED program generates un-
eighted or weighted profiles for which the relative
utabilities of CpG dinucleotides are multiplied by

he likelihood of clinical detection depending on chem-
cal difference in the translated amino acid residues
Fig. 3B). It is based on a higher mutation frequency in
pG dinucleotides than in other dinucleotides, thus

ausing human disease. To compare this theoretical
requency of mutation to the actual detected frequency
f mutation in the PAH gene, an analysis of the known
utations in the PKU database was done for the sin-

le-point mutations known (Fig. 3B). These data are
lso presented in Table 1 as calculated frequency of
utations in the PAH gene.

STRUCTURAL INTERPRETATION OF
PREVALENT MUTATIONS

Structurally, the mutations causing PKU/HPA
an be shown to affect residues in five categories: (a)
ctive-site residues, (b) structural residues, (c) inter-
omain interactions in a monomer, (d) residues in-
eracting with the N-terminal autoregulatory se-
uence, and (e) residues in the dimer or tetramer
nterfaces. Thus, the most prevalent single-point

utations in the PAH gene will be discussed accord-
ng to these five groups.

ctive-Site Mutations

Thirty-one missense point mutations can be found
n the residues lining the active site. Seven of these
an be found in the putative pterin-binding motif,
onsisting of residues 264–290 (16). Five of the ac-
ive-site mutations have been expressed in vitro,
ome even in multiple in vitro systems. The first

THE STRUCTU
esidue in the catalytic domain (Asp143) is reported
o be a PKU mutant associated with the severe PKU
henotype (17) in patients heterozygous for the ter-

g
t
c

ination mutant G272X and the D143G mutation.
his residue is located to the surface at the entrance
o the active site and may be involved in controlling
ccess to the active site for substrate/cofactor. In
itro expression of the mutant in three different
ystems (Escherichia coli, human kidney cells, and a
ranscription-translation system (TnT)) resulted in
relatively high residual enzymatic activity (52, 33,
nd 102%, respectively) as compared to the wild-
ype PheOH. Also, when assayed at lower concen-
rations of L-Phe and BH4, the residual activities
ere compatible with severely reduced hydroxyla-

ion of L-Phe, thus suggesting that this residue in-
eed plays a role in controlling substrate access to
he active site. Another one of the active-site resi-
ues which may be involved in the binding of the
H4 cofactor in PheOH; Phe254 is found to p-stack
n the pterin ring in the structure of TyrOH com-
lexed with 7,8-dihydrobiopterin (12). In the struc-
ure of PheOH, this residue is located 5.9 Å away
rom the active-site iron, and a substitution into a
soleucine as in the PKU mutant F254I would most
ikely interfere with proper binding of pterin and
ossibly also the phenylalanine substrate. A fre-
uent mutation among black Americans is the
255S mutation, which causes severe PKU (18). In
his mutation a nonpolar group is substituted with a
maller polar side chain in a hydrophobic environ-
ent and this is expected to result in significant

tructural perturbation. Leu255 seems to be impor-
ant in controlling the separation of helix Ca6 and
a9. Expression of the two mutations associated
ith this residue, L255S and L255V, in three differ-
nt in vitro expression systems, showed that, as
xpected, the L255S mutation has a far larger effect
n the residual enzyme activity (only 1% residual
ctivity detected in the TnT expression system ver-
us wild-type) than the more conserved L255V mu-
ation, which revealed 11% residual activity (TnT
xpression system), 44% residual activity (E. coli),
nd 13% residual activity (COS cells), versus wild-
ype PheOH (18). As can be expected, based on the
ore conserved mutation, the L255V mutation is

nown to cause mild PKU.
The active-site residue Thr278 has three different
utations associated with it. Thr278 is located at

he entrance to the active site and hydrogen bonds to
lu280 (Fig. 2). The mutations T278I and T278A are

ubstitutions of a polar amino acid into hydrophobic
mino acids and will result in this important hydro-

113ASIS OF PKU
en bond being lost and also perturb the structure at
he active-site entrance. The more electrostatically
onserved mutation T278N would putatively also
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esult in a change of hydrogen-bonding pattern, and
hus have the same perturbing effect as that of the
wo other mutations, if only slightly smaller.

Another well-studied mutation located to the ac-
ive site is the E280K mutation. This residue is also

FIG. 3. (A) Scheme showing the secondary structure assig
econdary structure was assigned using DSSP (43) on the compo
ith them are marked with red dots. (B) Predicted mutability profi
lso shown for comparison (in red circles) is the calculated freque

n 496 alleles causing HPA and PKU (genotype/phenotype data co
pring 1998, and Ref. 44)). The data are listed in Table 1 for all
onomer of the full-length model of phenylalanine hydroxylase.
utations, and the active-site iron is shown for reference as a gr
utations associated with it. The regions colored blue have res
UTPRED) (Table 1) higher than 10, and the regions colored

calculated from data compiled by E. Kayaalp and Ref. 44) higher
ith both the calculated and the predicted frequency of mutation

THE STRUCTU
ound within the so-called pterin-binding motif (16),
nd the mutation itself causes mild to severe PKU
19). In the PheOH structures, Glu280 is seen to

m
a
m

ydrogen-bond to His146 and to form an important
alt bridge to Arg158 (Fig. 2). Also, there are only
wo free, charged groups in the active-site crevice of
heOH (both glutamic acids) and the substitution of
ne of them (Glu280) by a lysine represents a dra-

of the human PheOH sequence (SWISS-PROT P00439). The
eOH model. The residues that have PKU mutations associated

the human PAH gene calculated by the program MUTPRED (15).
mutation based on the known frequency of mutations occurring
by E. Kayaalp (PAH Mutation Analysis Consortium Newsletter,
single-point mutations causing HPA/PKU. (C) Ca-trace of one

ace is colored yellow for residues not associated with any PKU
here. The region colored red consists of residues that have PKU
that show a predicted frequency of mutation (as calculated by

have residues that show a calculated frequency of mutation
10 (Table 1). The four residues colored magenta are the residues

high (Arg158, Arg252, Arg261, and Arg408).

115ASIS OF PKU
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RAL B
atic change in the electrostatic potential in the
ctive site. The expression of this mutation in hu-
an PheOH in E. coli resulted in an enzyme with
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nly ;1% of the specific activity of wild-type PheOH
20) as assayed with both the natural cofactor BH4

nd the synthetic cofactor 6-methyltetrahydropterin
6-MPH4).

One of the most frequent mutations in southeast-
rn Europe is the P281L mutation (21), causing phe-
otypes ranging from HPA to severe PKU. This pro-

ine helps to define the shape of the active site very
lose to the iron in the PheOH structure (Fig. 2). It
s therefore almost certain that a substitution to a
ess rigid leucine will change the conformation of the
ctive site by removing the conformational con-
traints imposed by the proline. In vitro expression
f this mutant in E. coli resulted in complete loss of
heOH activity (22), and expression in COS cells
esulted in ,1% enzyme activity (23), as compared
o wild-type PheOH.

Three residues that are in the active site are
he331, Ala345, and Gly346. Phe331 p-stacks
nto Trp326, and both Ala345 and Gly346 are
ocated right behind the triad of residues that are
esponsible for binding the iron (His285, His290,
nd Glu330) (Fig. 2). Two PKU mutations have
een reported in the Phe331 residue: F331C and
331L (24,25). Both mutations will abolish impor-

ant p-stacking interactions that stabilize the wall
f the active site. Ala345 has two reported PKU
utations, A345S and A345T, and Gly346 has

ne, G346R. All three mutations increase the size
f the side chain which would putatively result in
he iron ligands being shifted further out into the
ctive-site crevice, and thus destabilize the entire
ctive-site structure.
One more residue which seems very important in

olding the iron in place is Ser349, which hydrogen-
onds to His285, one of the iron ligands. Two PKU
utations have been reported for this residue, one of

hem resulting in classical PKU (S349P) (26). This
ubstitution of a proline so close to the catalytic iron
ill change the entire shape of the active site. The
utation has been expressed in both E. coli and
OS cells and has been found to have only ,0.2 to
1% residual activity and no detectable levels of
ctivity, respectively, as compared to the wild-type
heOH. The second mutation in this residue

S349L) (27) is also reported to give similar in vitro
xpression in E. coli and COS cells of ,0.2% or no
etectable levels of PheOH activity, respectively.

16 ERLANDSEN
oth mutations disrupt the very important hydro-
en bond to His285, and thus have severe influences
n the catalytic activity of PheOH.

a
w
v

tructural Residues

The G46S mutation in the regulatory domain is
ssociated with classical PKU and is one of the most
requent mutations found in the PKU database (Ta-
le 1). The cDNA site for residue 46 has also been
redicted to be a site of mutation by the program
UTPRED. Gly46 is located on the surface of the

egulatory domain in a loop just before helix Ra1.
he substitution with a serine seems to involve the
erine side-chain hydrogen bonding to one or more
utative residues in close proximity to Gly46 in the
heOH structure, and thus results in distortions of
he secondary structure in the regulatory domain.
his could result in the formation of inactive aggre-
ates as reportedly found by Eiken et al. (28) upon
xpressing the mutant in three different systems (E.
oli, human kidney cells, and TnT). Another fre-
uent mutation found in the regulatory domain is
he I65T mutation. This mutation is associated with
on-PKU HPA to variant PKU and has been ex-
ressed in COS cells to find a residual activity of
pproximately 26% of wild-type PheOH (29). Ile65 is
ocated in the hydrophobic core of the regulatory
omain. A substitution with a polar threonine (or
sparagine as in the I65N mutant) would result in
ignificant structural perturbation. A more con-
erved substitution, like in the I65A substitution,
ould probably not cause as large a perturbation as

he two others. Another mutation of relatively high
requency in patients with PKU is the A104D mu-
ation. This mutation is associated with variant
KU, and the Ala104 residue is located in the loop
etween Ra2 and Rb4 in the regulatory domain. A
ubstitution by a larger and charged residue may
estabilize the loop structure. When expressed in
itro in three different systems, the increased aggre-
ation of the resulting enzyme was observed, and
esidual activity as compared to the wild type varied
rom 26% (human kidney cells) to no detectable lev-
ls (E. coli) (30).
Arg158 is the site of predicted frequent mutation

s determined by MUTPRED based on the cDNA
equence of PheOH (15). The R158Q mutation is
ssociated with classical PKU and is also a frequent
utation in patients with PKU (Table 1). Arg158

orms a salt bridge to Glu280 and one hydrogen bond
o Tyr268 (Fig. 4A). Both of these interactions are
mportant for conserving the shape of the active site,
nd substitution with a glutamine, or the larger

STEVENS
romatic residue, tryptophan (R158W mutation),
ill necessarily distort the active-site structure. In
itro expression of the R158Q mutant was found to
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RAL B
esult in approximately 10% of normal levels of
heOH activity (31).
Cys203 is found to be involved in a disulfide bond
ith Cys334 in the structure of rat PheOH including

he regulatory domain (11). This is not observed in
ny of the structures of human PheOH (9,10), but
hat may be a product of the expression system
insect cells versus E. coli). Both cysteines involved
n the disulfide bond are associated with PKU mu-
ations and are predicted to be sites of disease-caus-
ng mutations (by MUTPRED) (15). Another pre-
icted site of disease-causing mutation is in Arg243.
his residue is located at the end of Cb1 and forms
salt bridge to Asp129 in Ca1 helix. In vitro expres-

ion of the two PKU mutants associated with this
esidue (R243Q and a nonsense mutant R243X) in
OS cells resulted in ,10% residual activity

R243Q) (32) and ,1% residual activity (R243X)
19). Expression of the R243X mutant in E. coli
esulted in activity levels similar to those in COS
ells (,0.2%) (20). Arg252 forms a salt bridge to
sp315 and hydrogen-bonds to the carbonyl oxygen
f Ala313 as well as the side chain of Asp27 in the
utoregulatory sequence (Fig. 4B). There are three
KU mutations associated with this residue:
252Q, R252G, and R252W. The latter of the three
utations is reported to result in classical PKU, and

n vitro expression of the R252G and R252W muta-
ions in E. coli, TnT, and COS cells results in ,1%
esidual activity as compared to that in the wild-
ype PheOH (18,20,31). The R252Q mutation, how-
ver, results in somewhat larger residual activity
16 and 3%) when expressed in E. coli and TnT
ystems (18). Thus it is quite apparent that any
ubstitution in this residue will result in disruption
f stabilizing interactions in the catalytic domain.
The residue Ala259 is buried in a hydrophobic

ocket about 4 Å away from Leu311 and Leu308,
hich are hydrogen-bonded to Arg408. These resi-
ues are important for holding the tetramerization
rm close to the catalytic domain, and thus a sub-
titution of Ala259 into a larger or polar residue, as
n the PKU mutations A259T and A259V, cannot be
ccommodated without disturbing the surrounding
nvironment (including Leu311 and Leu308). Both
utations have been expressed in vitro in E. coli and

esult in 0.1–0.8% residual activity as compared to
hat in wild-type PheOH (18,20).

One of the most frequent mutations based on the
ata in the PKU database (also predicted by MUT-

THE STRUCTU
RED) (15) is the R261Q PKU mutation. This mu-
ation is reported to result in phenotypes varying
rom variant PKU to the more severe form, classical

p

t

KU. Arg261 is located in a loop between helix Ca6
nd Cb2 in the catalytic domain, where it hydrogen-
onds to Gln304 and Thr238 (Fig. 4C). This helps to
tabilize the structure of the active site, and substi-
uting the arginine to a proline (R261P) would nec-
ssarily destabilize the active-site structure. In vitro
xpression of the R261Q mutant in E. coli (20) and
OS cells (19) results in comparable levels (32 and
0%, respectively) of enzymatic activity. Thus, the
estabilization of the active-site structure is not
nough to completely abolish PheOH activity.
One interesting mutant within the putative

terin-binding region in the catalytic domain is the
onsense mutant G272X. Expression analysis of this
utant results in no detectable PheOH activity in

ither E. coli or COS cells (17,18,33). Glu272 is lo-
ated in a loop between Cb2 and Ca7 just before the
ctive-site histidines that bind the catalytic iron,
nd the mutation would putatively result in a trun-
ated form of PheOH that has none of the residues
hat are responsible for binding iron, thus no cata-
ytic activity should be observed.

nterdomain Interactions in a Monomer

The most important residues at the interface
etween the catalytic domain and the tetramer-
zation domain are residues Leu311, Leu308, and
rg408. Arg408, which is in the loop between
a12 and Tb1, is buried and forms hydrogen
onds to the carbonyl oxygens of Leu308 (at the
nd of Ca8) and Leu311 (in the loop between Ca8
nd Ca9) (Fig. 5A). This residue is predicted to
ave a high frequency of mutation as predicted by
UTPRED (15) (Table 1), but is also the site of the

ingle most frequent mutation in the PKU data-
ase (R408W mutation). The mutation results in a
evere metabolic PKU phenotype and is reported
o give low (,1 to ,2.7%) residual activity when
xpressed in COS cells (34,35).
A second frequent mutation in this residue is the
408Q mutation, which is associated with a less
evere metabolic non-PKU HPA phenotype and re-
ortedly gives 55% residual PheOH activity, as com-
ared to that of the wild type, if expressed in COS
ells (35). The substitution of Arg408 into the larger
nd bulkier tryptophan would alter the hydrogen-
onding network that holds the tetramerization do-
ain together with the catalytic domain, and

hrough steric hindrance interfere with the correct

117ASIS OF PKU
ositioning of the b-ribbon (Tb1 and Tb2).
The mutation Y414C has been found to be a rela-

ively frequent mutation and result in non-PKU
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tions associated with them, including their hydrogen-bonding
partners. The active-site iron and its ligands are also shown for
reference (A) Arg158, (B) Arg252, and (C) Arg261.

1 AND
PA to variant PKU phenotypes. In vitro expression
n COS cells results in an enzyme which retains
8–50% of normal activity (23). The mild effect of
his mutation can be observed also at a structural
evel; a substitution from a tyrosine to a cysteine in
his position should not have drastic consequences
n the interaction with the neighboring residues.

esidues Interacting with the N-Terminal
Autoregulatory Sequence

One of the few residues in the catalytic domain
hat seems to be in contact with the N-terminal
utoregulatory sequence is Tyr377 (11). This residue
s found to hydrogen-bond to Ser23 in the regulatory
omain and also stacks on top of Trp326 (Fig. 5B). It
hould be important for regulating access to the
ctive site and therefore also regulates the substrate
nd cofactor access to the catalytic iron. In the PKU
utant Y377C, the important hydrogen bond would

e disrupted, thus exposing the active site and de-
troying the effects of the regulatory domain upon
ubstrate binding. As mentioned previously, Asp27
ydrogen-bonds to Ne of Arg252, and in the PKU
utations associated with Arg252 (R252Q, R252G,

nd R252W) the disruption of this hydrogen bond
ill most likely also change access to the active site

or substrate/cofactor.

esidues at the Dimer or Tetramer Interfaces

Several residues that have PKU mutations asso-
iated with them can be found at the dimer interface
n all structures of PheOH solved so far (9–11).
hese are residues Ser67, Glu76, Arg297, Gln304,
nd Glu422. Ser67 is located in b-strand Rb2, and
ts main chain amide hydrogen-bonds to the hy-
roxyl group of Tyr216 in the other monomers that
ake up the dimer. The PKU mutation S67P would

ecessarily distort the structure in this region, im-
osing more rigid torsion angles than those of the
ative serine (36). Glu76 is located on the surface of
he regulatory domain, in b-strand Rb3, where the
ain-chain carbonyl oxygen of Glu76 in one mono-
er is hydrogen-bonded to Ne2 of His208 in the

econd monomer, as well as Asn73, just prior to
lu76 in sequence (Fig. 6A). This contact seems to
e important for forming the dimer that makes up
he “dimer of dimers” seen in the tetrameric struc-
ure of PheOH (10). Glu76 has two PKU mutations
ssociated with it, E76A and E76G (Table 1). Both of

STEVENS
FIG. 4. Various active-site residues that have PKU muta-
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hese mutations are substitutions of a charged
mino acid into surface-exposed hydrophobic resi-
ues, and this could result in perturbations of the
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econdary structure in the regulatory domain.
rg297 is located in a-helix Ca8 and is predicted (by

FIG. 5. (A) Arg408 is the site of the most frequent PKU mutat
heOH monomer. This residue seems to be important for holding
KU-mutated residue Tyr377 is associated with the N-termina
rp326. The N-terminal regulatory domain Ca-atom trace is sh
hown in gray ribbon.

THE STRUCTU
UTPRED) (15) to be a site of frequent mutation.
he side chain of Arg297 is hydrogen-bonded to the
ain-chain carbonyl oxygen of Arg71 as well as the

l
R
d

ide-chain oxygen of Glu422 in the other dimeric
onomer (Fig. 6B). There are two PKU mutations

408W). It is hydrogen-bonded to Leu311 and Leu308 in the same
alytic domain together with the tetramerization domain. (B) The
atory sequence. It hydrogen-bonds to Ser23 and p-stacks onto
yellow ribbon, whereas the catalytic domain Ca-atom trace is
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ion (R
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isted for Arg297 in the PKU database, R297H and
297C (28). Both substitutions will result in the
isruption of the above-mentioned dimer-stabilizing
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1 AND
ydrogen bonds and would possibly result in the
ormation of unstable PheOH enzyme. The last res-
due associated with PKU mutations and involved in
imer/tetramer interactions is Gln304. This residue
s located in a-helix Ca8 and forms hydrogen bonds
o the hydroxyl group of Tyr414 (in monomer B)
Fig. 6C), as well as to Arg261. Gln304 has two PKU

utations associated with it, one silent mutation
Q304Q) (37) and Q304R. The substitution of the
olar glutamine to a charged arginine could disrupt
oth hydrogen bonds and destabilize the PheOH
nzyme formed.
Lastly, both Pro362 and Pro366 seem to be impor-

ant for positioning Glu368 correctly in order to me-
iate dimer contacts between the same Glu368 in
wo different subunits. Thus the PKU mutations
362T (38) and P366H (39) will both destabilize
hese parts of the structure and prevent proper
imers from being formed.

eletion and Insertion Mutants

Most of the non-single-point mutations that may
ffect the structure of PheOH are listed in Table 2.
hese include deletion, insertion, and one prevalent

ntron mutation which affect the structure of
heOH. The frameshift mutations have been ex-
luded from this review paper since the effect of
hese mutations is very difficult to interpret based
n the structures of PheOH. Most of these mutations
utatively lead to truncated versions of hPheOH
nd no detectable level of PheOH enzyme is ex-
ressed.
One of the two deletion mutants that have been

xpressed in vitro, the 3-bp in-frame deletion of I94,
as expressed using human colon adenocarcinoma

ells (SW613-12A1) (40). This mutant showed 27%
esidual activity and markedly reduced binding af-
nity for L-Phe substrate. Ile94 is located in the
iddle of a-helix Ra2. A deletion of this hydrophobic

soleucine would disturb the helix packing by giving
one residue shift in the hydrophobic versus hydro-
hilic residues of helix Ra2.

imer is shown in orange to ease comparisons. (B) Arg297 with its
ydrogen-bonding partners Glu422 and Arg71 (of monomer B).
he presence of a twofold symmetry axis perpendicular to the
lane of the figure is shown in the middle of the picture. Both
a-traces of the catalytic domains in each monomer are shown in
ray, and the Ca-trace of the regulatory domain is shown in
ellow. The catalytic 2-His-1-Glu triad of coordinating residues to

STEVENS
FIG. 6. Various PKU-associated residues at the tetramer/
imer interfaces. (A) Glu76 with its hydrogen-bonding partners

20 ERLANDSEN
he iron is shown for structural reference. (C) Gln304 with its
ydrogen-bonding partners Arg261 and Tyr414 (of monomer B).
he same color scheme as in (A) is employed.



L
(
r
w
p
m
e
m

o
a
p
v
t
t
t
i
t

a
i
P
m
P
t
i
I
t
s
d
c
t
a

d

(

G
(

d

G

d
(

(
(

(

(

(

(

(
and C

d tion in
ncated
The second PKU deletion mutation is delL364.
eu364 is positioned between two proline residues

Pro362 and Pro366) and may be a necessary spacer
esidue for the prolines. Deletion of this residue
ould result in improper positioning of the rigid
rolines and thus perturb the entire catalytic do-
ain fold, corresponding to no detectable levels of

nzymatic activity as found upon expression of the
utant in COS cells (33).
The splicing mutation IVS12 1 1g3 a in intron 12

f the PAH gene is the most prevalent PKU allele
mong Caucasians (41). The clinical and metabolic
henotype of homozygotes with the mutation is a se-
ere (“classical”) form of PKU. The mutation leads to
he synthesis of a truncated form of PheOH lacking
he last 52 amino acids in the C-terminal tetrameriza-

TA
Deletion and Insertion Mutati

cDNA mutation PheOH mutation

elE1/E2 delE1/E2 Delet
pro

115–117)del3bp delF39 In cen
Del
core

AAdel E43/E44del Delet
131–133)del3bp K42–V45delAAG In loo

pac
el3bpTTT delF55 At cen

at R
g/Aa delE2/IVS2nt1 Delet

pro
elE3 delE3 Delet
208–210)del3bp delS70 At en

pac
280–282)del3bp delI94 In mi
442–706)del 442–706delE5/E6 Delet

ver
895–897)del3bp delF299 In a h

Del
967–969)delACA delT323 In Ca

Del
1066 3 1071)ins6bp Y356/C357ins6bp At su

sma
reg

1090 3 1092)del3bp delL364 No se
pro
pos

1090 3 1104) delLLPLEdel15bp Delet
TD

el15bp 1315nt1g 3 a IVS12 1 1g 3 a Muta
tru

THE STRUCTU
ion domain. Expression studies in eukaryotic systems
ndicate that the deletion abolishes PheOH activity in
he cell as a result of protein instability (42).

(
r
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SUMMARY

The recently solved crystal structures of human
nd rat PheOH have proven to be valuable in the
nterpretation of many of the mutations that cause
KU. However, the effects of some of the reported
utations cannot be predicted based on either the
heOH structure or the PAH gene sequence and
hus in vitro and in vivo expression analyses are
mportant tools in determining the details of PKU.
n order to develop the complete picture of the mu-
ations that lead to PKU, a great deal of information
till needs to be collected on both the frequency of
ifferent PKU mutations around the world and a
ontinuing effort on the expression analyses of mu-
ations in the PAH gene. The frequency of mutations
s calculated by the occurrence of CpG dinucleotides

2
dentified in the PheOH Gene

Structural contacts/comments Reference

residues 1–57 in RD. Some active PheOH
ay be expressed.

(87)

RD in cluster of aromatic residues.
f Phe disturbs packing of RD hydrophobic

(39)

both Glu disrupts hydrogen bonds in RD. TC
een Rb1 and Ra1. Deletion disturbs RD (36)

RD. Deletion disturbs hydrophobic packing
e.

(77)

residues 21 to 56 in RD. Some active PheOH
ay be expressed.

(88)

residues 57 to 118 of RD. (89)
2. H bonds keep loop in place for Rb2 to

erly.
TC

Ra2. Deletion disturbs helix formation. (40)
residues 147 to 235 in CD. May result in
able or little PheOH protein expressed.

TC

hobic area of CD towards end of Ca8.
ill disturb CD fold.

(52)

onds to Glu319 carbonyl oxygen.
isturbs CD fold.

(52)

f CD. Room for two extra residues with only
nges to secondary structure in this loop

(36)

y structure in region. Located between two
62 and 366). Residue may be necessary to

rolines for correct fold of CD.

(33)

large portion of CD. Wrong CD fold affects
D.

TC

intron 12 of PheOH. Leads to expression of
PheOH missing last 52 residues.

(42)
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by the program MUTPRED) (15) and actual occur-
ence of mutations in the cases reported at the PKU
atabase do seem to match in most cases (Fig. 3B),
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1 AND
ike for Arg158, Arg252, Arg261, Arg408, and
sp415. These are all sites of CpG dinucleotides in

he PAH gene sequence and are thus prone to mu-
ability (15). In other cases, residues that originate
rom non-CpG dinucleotides, like Gly46, Leu48,
le65, and Val388, still have a high frequency of
KU mutation and some are also associated with a
evere PKU phenotype.
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